ABSTRACT: Monolayer (ML) MoS 2 has become a very promising two-dimensional material for photorelated applications, potentially serving as the basis for an ultrathin photodetector, switching device, or transistors because of its strong interaction with light in ambient conditions. Establishing the impact of individual ambient gas components on the optical properties of MoS 2 is a necessary step toward application development. By using in situ Raman microspectroscopy with an environmentcontrolled reaction cell, the photoluminescence (PL) intensity of chemical vapor deposition (CVD)-grown MoS 2 MLs is monitored at different intralayer locations under ambient and controlled gas environments, such as N 2 , O 2 , and H 2 O. This new approach enables us to monitor the optical properties of MoS 2 at different locations on the flakes and separate the role of photoreaction of various gases during laser irradiation. Upon mild photoirradiation in ambient conditions, the PL intensity in the interior of the ML MoS 2 flakes remains unchanged, while the PL intensity at the edge region increases drastically. Photoirradiation in controlled gas environments reveals that O 2 is necessary to increase the PL intensity at the MoS 2 flake edges, attributed to the charge transfer of chemisorbed O 2 . N 2 or H 2 O and N 2 environments induce decreasing PL intensity upon repetitive laser irradiation. However, the H 2 O and O 2 gas mixture, a combination designed to mimic ambient conditions, is necessary to maintain the PL intensity at the interior of the ML MoS 2 flakes. Our study demonstrates that photoreactions with the gaseous environment on the MoS 2 ML flakes should be taken into consideration even upon mild photoirradiation because they strongly impact the flakes' optical properties.
■ INTRODUCTION
MoS 2 has a variety of potential applications including photovoltaics, energy storage, optoelectronics, and catalysis. 1−3 The chemical, optical, and electrical properties of MoS 2 in these applications are correlated and closely related to its nanoscale structural heterogeneity. For example, defects are active sites for photocatalytic and electrocatalytic processes and mediate photochemical, electrochemical, and chemical processes, which, in turn, modify the MoS 2 optoelectronic properties. 4−6 The performance of ideal MoS 2 devices could change because of laser-induced photoreactions under normal operation conditions, i.e., low-laser-power photoirradiation in ambient conditions. Therefore, correlating the structural heterogeneity, photochemistry, and optical properties of MoS 2 during photoirradiation in ambient environments is critical to its various applications.
The optical properties of two-dimensional materials have been shown to be influenced by molecular interactions. The optical properties of chemical vapor deposition (CVD)-grown and mechanically exfoliated MoS 2 monolayers (MLs) have been previously modified via chemical treatment and doping. 7−10 The interaction of molecules with MoS 2 could enhance the efficiency of light−matter interactions for optoelectronic devices including low-power transistors, sensitive photodetectors, light-emitting diodes, etc. 7−10 Photoirradiation could modulate the photoluminescence (PL) of two-dimensional transition-metal dichalcogenides. Irradiating WS 2 surfaces with varied laser power in both air and vacuum environments was shown to optically modify the PL in WS 2 MLs such that the emission is from either the neutral exciton or the charged exciton (trion) state. 11 Their results suggest that the change is mitigated by surface reactions in the ambient environment. Recently, PL loss was observed on ML WS 2 flakes after they were briefly exposed to relatively high laser exposure under normal humid atmosphere due to H 2 O intercalation close to the edges and defects. 12 On vacuumannealed MoS 2 physisorption and chemisorption of O 2 and H 2 O can significantly increase the emission efficiency. 13, 14 No such effect was observed with the inert gases Ar and N 2 . Enhancement of the PL was observed at the defect sites created by high-temperature annealing in vacuum. Recently, photoreaction on ML MoS 2 during high-power-laser irradiation has been studied in air and vacuum. 6 Changes in PL in ambient conditions are associated with structural damage and oxygen adsorption on the sample. However, the role of the various constituents of ambient gas during photoirradiation is not clear. The impact of the chemical reactivity of different structural areas on MoS 2 flakes, e.g., the interior and metallic edge, on the optical properties of MoS 2 during photoirradiation has yet to be understood spatially. 15 This understanding is essential for optimizing MoS 2 electronic and photovoltaic devices, where edge defects in large-area heterostructures can lead to interlayer leakage or unwanted exciton recombination. 16−19 In addition, laser-induced modulations of PL need to be balanced with the laser damage.
In this work, to directly correlate the structure−functionality relationship of MoS 2 during laser irradiation, we employed in situ Raman microspectroscopy equipped with an environmentcontrollable cell (see Scheme 1) . The relationship between the photoreaction in various gases on ML MoS 2 flakes and the PL of the interior and edge of the flake has been studied. This new approach enables us to monitor the optical properties of MoS 2 at different locations on the flakes and separates the role of photoreaction to various gases during laser irradiation. It also allows us to simulate the effect of the ambient environment by varying the gas components. The results show that there are photoinduced reactions of molecules (O 2 and H 2 O) with the MoS 2 ML under ambient conditions and the reaction strongly affects the PL of MoS 2 . PL mapping of the flakes shows that the photoreaction depends on the spatial location. The PL of the edge region of the MoS 2 ML flakes changes dramatically under irradiation in ambient environments due to photoreactions at the edge region, while the PL of the interior of the ML stays almost unchanged under mild irradiation power.
■ RESULTS Figure 1 depicts the change of the PL intensity of ML MoS 2 with laser irradiation in air at ambient temperature. Figure 1a is a typical example of a PL map taken over an entire MoS 2 flake (Figure 1a, inset) . The high PL intensity from the ML ( Figure  1a ,e) in comparison to the low PL intensity from the bilayer at the center of the flake confirms that the MoS 2 flake is a ML with a bilayer center. 17 The separation (22.1 cm
) of the A 1g and E 2g 1 Raman modes ( Figure 1f ) is consistent with previous reports for CVD-grown ML MoS 2 . 10, 15, 20, 21 This separation is larger than that of the exfoliated ML MoS 2 due to intrinsic strain. Atomic force microscopy (AFM) measurements ( Figure  S1 ) further confirm the ML.
The interior of the ML shows much higher PL intensity than the edge region of the flake (Figure 1a) . Negligible PL was observed on the Si substrate as expected. The low PL intensity at the edge region is observed in almost all of the measurements taken on our samples, which is consistent with the previously reported PL maps measured on CVDgrown MoS 2 flakes using scanning near-field optical microscopy (SNOM). 22 Higher PL intensity from the edge region has been reported previously for MoS 2 flakes prepared under different synthetic conditions. 6, 15 Figure 1b shows an optical image of a CVD-grown MoS 2 flake, which exhibits a uniform ML over its entire surface except for occasional bilayer defects. In order to investigate the effect of photoirradiation in ambient conditions, consecutive PL maps were taken over an area (8.75 μm × 4 μm) marked by a red rectangle in Figure 1b , which includes several areas of interest, i.e., the interior of the MoS 2 ML flake, edge of the flake, and Si substrate. Figure 1c shows a typical PL map taken before consecutive photoirradiations. The black dotted box marks the edge region of MoS 2 .
After taking 20 consecutive PL maps over the area, i.e., after the area was photoirradiated 20 times, the comparison between parts c and d of Figure 1 shows that the PL intensity increased drastically in the edge region. On the other hand, there is almost no change in the PL intensity on the interior of the ML. The total laser radiant exposure is ∼4 mJ/μm −2 over 200 s with a measured laser power of 40 μW. The edge region is about 1.5 μm, taking into consideration the laser spot size (∼1.5 μm) of the microscope and the distance (1.25 μm) between pixels. The size of the PL edge region is much larger than the atomic edge of the flake, which is consistent with other reported results obtained using transmission electron microscopy 16 and SNOM. 22 Parts a and b of Figure 2 show the representative corresponding PL spectra taken on the interior and edge regions measured as a function of the number of laser irradiations under ambient conditions. The initial PL near the edge is about 20% of that of the PL on the interior before irradiation. The PL intensity on the interior remains almost constant during photoirradiation under an applied laser power of 40 μW (Figure 2a ), but the PL intensity at the edge region increases gradually as a function of the laser irradiation ( Figure  2b ) until it reaches a saturated PL intensity that is comparable to the PL intensity on the interior. The spectra clearly demonstrate that the PL emission at the edge region is strongly influenced by laser irradiation under ambient conditions. Statistically, over 50 sets of spectra were taken over the interior of the MoS 2 flakes. In the majority of sets (80%), almost no changes in PL were observed. Variation in the 20% could stem from subtle defects on the interior of the MoS 2 ML. It has been shown that there is a variation of PL on the MoS 2 ML flake. 22 All of the data sets (∼60) taken along the edge of the MoS 2 flakes show an increase of the PL. PL maps collected with a smaller laser spot size (∼0.6 μm) and higher laser power of 180 μW show similar results. Further increasing the laser power led to decreasing PL on the interior, which is expected for laser degradation of the flake.
6 Therefore, the laser power was kept at 40 μW for all of the data presented.
There are two reported PL bands from ML MoS 2 : A exciton at 670 nm (∼1.85 eV) and B exciton at 615 nm (∼2.02 eV). 23 They are associated with direct optical transitions from the lowest conduction bands to the highest spin-split valence bands. 24−26 The A exciton can be deconvoluted into two bands, neutral A 0 exciton and negative A − multiexciton (biexciton and trion). 27 In our spectra (Figure 2c ,d), the A exciton peak is clearly nonsymmetric and shows the existence of multiexcitons. Because the intensity of the B exciton is very small, the spectra are deconvoluted by fitting with two Lorentzian peaks instead of three. We did not distinguish the biexciton and trion in the analysis and use trion to represent the multiexcitons.
Before consecutive photoirradiations, the shapes of the initial PL spectra for the edge and interior regions are similar, Figure S2 ). At the edge region of the MoS 2 flake, the intensity of the A 0 peak increases dramatically ( Figure 2f ) and approaches the intensity of the interior region. The edge A − peak intensity also increases appreciably, but it only reaches to about half of that of the interior. Therefore, the ratio of the intensity between A − and A 0 decreases from 0.4 to 0.3 ( Figure 2f ). The A 0 peak position has an observable blue shift monotonically from 674.2 nm (1.84 eV) to 671.8 nm (1.85 eV) during photoirradiation, and the A − peak position stays the same ( Figure S2 ). The almost constant A 0 and A − intensities and positions on the interior indicate that there is no detectable defect formation on the surface with a total laser radiant exposure of 4 mJ/μm −2 over 200 s. Chow et al. reported a distinct defect-related PL spectral feature located at ∼0.1 eV below the neutral free A 0 exciton peak in WS 2 and MoS 2 MLs. 28 Our PL spectra do not show that a defect-related PL spectral feature at ∼1.75 eV developed both on the interior and at the edge after irradiation. The optical image of the flake taken after consecutive photoirradiations (Figure 1a ) is identical with that taken before irradiation, showing no observable photodamage. AFM images ( Figure S1 ) were acquired on the flakes after photoirradiation. The images include the areas with and without photoirradiation. A direct comparison of these areas shows no detectable structural difference. Raman data (see below) also show that there is no difference before and after photoirradiation in the two MoS 2 modes (E 2g 1 and A 1g ). Therefore, the change of the PL at the edge is not due to any discernible structural damage.
It has been reported that the charge-carrier population density affects the line shapes and positions of the PL peaks. Electron doping (n-doping) has been observed to suppress the absorbance of neutral A 0 and enhance the absorbance of trion A − . 27 The ratio of the intensities between A − and A 0 , i.e., the weight of the A − trion, has a discernible decrease on the edge, suggesting p-doping due to charge transfer from MoS 2 to adsorbed molecules during photoirradiation. The observed blue shift of the A peak is expected for p-doping, 29 which also supports the p-doping effect during photoirradiation. To understand the role of interactions of different molecules with MoS 2 in ambient conditions during photoirradiation, in situ measurements were conducted in an environmentcontrolled reaction cell in four different gaseous environments, i.e., pure N 2 , H 2 O + N 2 , pure O 2 , and H 2 O + O 2 . When photoirradiations were conducted in pure N 2 , the total PL intensities on both the interior and edge regions decrease monotonically (Figure 3a,b) . Deconvolution analysis shows that the intensities of both A 0 and A − excitons decrease sharply within the first few irradiations and much more slowly with the continued irradiations. Contrary to photoirradiation in ambient conditions, in pure N 2 the weight of A − increases continuously, indicating an opposite charge-doping process (ndoping).
Adding H 2 O vapor to N 2 during photoirradiation did not change the overall trend of the total PL intensity (Figure 4a,b) . The total PL intensities on both the interior and edge regions decrease. However, deconvolution analysis shows that the rate of decrease is different in comparison to that in N 2 . The intensities of both A 0 and A − excitons decrease much more slowly than those in N 2 , and the intensities of the A 0 and A − excitons decrease at a similar rate; i.e., the weight of A − stays almost constant. These observed trends are consistent throughout our samples. This indicates that adding H 2 O slows the decrease of PL, which suggests p-doping due to H 2 O. There is no change of the peak position for either exciton ( Figure S2 ) in a H 2 O and N 2 mixture.
The result of irradiation in pure O 2 ( Figure 5 ) is different from the results obtained in ambient, N 2 , and N 2 + H 2 O. In the interior, the total PL intensity of the A exciton (Figure 5a ) and deconvoluted peak intensities of the A 0 and A − excitons (Figure 5c ) had a quick drop during the initial few irradiations and then remain unchanged during subsequent irradiation. This differs from the monotonic decrease observed in the N 2 and H 2 O + N 2 environments and is also a stark contrast to the unchanged interior PL intensity upon irradiation in air. Further, in O 2 , the weight of the A − peak remains nearly constant. The initial decreased of PL in O 2 is surprising because p-doping is expected from the adsorption of O 2 . This, in fact, reflects the significant role of H 2 O that is discussed below.
As for the edge in the O 2 environment (Figure 5b,d) , the initial irradiations did not appreciably change the intensities of the A 0 and A − excitons. Also, there is a continuous increase of intensity for both excitons, unlike in air, where the increasing intensity reaches a plateau. In O 2 , the intensity of the A 0 peak continuously increases and reaches an intensity that is even higher than that on the interior before the photoirradiations. The intensity of A − also continuously increases. The weight of A − decreases, and there is a blue shift for both A 0 and A − , indicating p-doping.
Finally, irradiations in the mixture of H 2 O + O 2 reproduce the trend of the change of the total PL intensity observed in air on both the interior and edge regions. On the interior, the total PL intensity of the A exciton (Figure 6a ) and the intensities of deconvoluted A 0 and A − excitons (Figure 6c ) remain almost constant. At the edge, the total PL intensity of the A excitons ( Figure 6b ) and intensities of deconvoluted A 0 and A − excitons (Figure 6d ) increase continuously, with the total PL intensity reaching a plateau. The difference in the changing rates between exposure in air and in the mixture of H 2 O + O 2 could relate to the humidity difference between ambient air and the H 2 O + O 2 environments. There is a blue shift for A 0 , which supports p-doping.
Raman spectra can detect the microscopic structural change of ML MoS 2 . The Raman spectra were taken before and after photoirradiations in the aforementioned gases to further understand the possible structural change of MoS 2 due to laser irradiation. Figure 6e shows the representative Raman spectra taken in the H 2 O + O 2 mixture (Figure 6e ). Before photoirradiation, at the edge area, the intensities of both the A 1g and E 2g 1 modes are less than those in the interior. This could be due to disorder of the edge area, 30 which supports that the edge region in synthetic MoS 2 is more complicated than just its atomic termination and a metallic edge state. An A 1g mode peak position shift has been reported due to ndoping in a ML field-effect transistor (FET). Although ndoping is expected for the metallic state of the edge area, the peak positions of both modes are the same as those on the interior. It could be that the doping level is not as high as the doping level in FET resistors. 31 After photoirradiation, there is no discernible change in both the peak positions and intensities on the interior and edge regions ( Figure S3 ). When H 2 O intercalation occurs on ML WS 2 , Raman spectra show an obvious change in the peak intensity ratio. 12 In the case of photoirradiation-degraded ML MoS 2 , the Raman peak intensity and ratio are observed to change. 6 The vibrational modes of MoO 3 are observed on Raman spectra in the process of oxidation of ML MoS 2 . 32 This suggests that there is no discernible microscopic structural damage during mild laser irradiation in our results. AFM images ( Figure S1 ) show no detectable structural difference between the areas with and without photoirradiation. However, this does not exclude the creation of atomic point defects.
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■ DISCUSSION
In ambient conditions before photoirradiation, the PL intensity near the edge is less than that of the PL on the interior. This result agrees with previous reports that the physical and electronic structural difference between the edge and interior strongly affects the PL. Considering that the spatial resolution of Raman spectroscopy applied in this work is diffractionlimited (∼1.5 μm), we show that the disordered edge region is on the order of 1 μm. This is consistent with the reported ∼300 nm structural and energetically disordered edge region. 22 Various studies show that the edge of MoS 2 is metallic due to the uncoordinated sites. 34−36 In the presence of highequilibrium electron density, the probability of forming excitons and trions is expected to rapidly decrease because of electrostatic screening between free electrons and holes. 14 Most of the photoexcited electrons and holes are forced to recombine nonradiatively mostly via the Auger process. Charge screening destabilizes both the excitons and trions; therefore, the PL intensity is low. A similar low PL intensity has been observed for the 1T MoS 2 . 20, 37 On the other hand, charge accumulation is needed for trions but not for excitons. It would be reasonable to assume that the relative intensity of the trions is higher at the edge because of the high charge density. However, our results show that the relative intensity of the trions is not necessarily higher at the edge region than in the interior. For example, in Figure 1 , the relative trion intensity at the edge is 0.44, which is lower than the relative intensity on the interior (0.57) before irradiation. This observation is similar to the observation in nano-PL imaging, which agrees that the edge region is more complicated than a metallic edge state and atomic termination. 22 In our experiments conducted in an ambient environment, both the edge and ML are in air, so there should be physisorbed O 2 and H 2 O on both the edge region and the interior of the flake before irradiation. We do not exclude that there could be chemisorbed O 2 and H 2 O on the edge before irradiation.
We discuss the effect of photoirradiation on the PL of the interior region first. The PL remains constant upon irradiation in an ambient environment. However, there is a quick decrease during initial irradiations in N 2 . This can be attributed to desorption of the physisorbed O 2 The removal of O 2 and H 2 O increases the charge density, therefore restoring the charge screening that destabilizes both excitons and trions and drastically decreases the PL upon irradiation in N 2 . An increase of the charge density is supported by the increase of the relative trion intensity in N 2 (Figure 3c) . Interestingly, irradiation in O 2 alone results in a decrease in PL during the initial photoirradiation (Figure 5a,c) . This indicates that adsorption of O 2 alone cannot account for all of the charge transfer from MoS 2 to the adsorbed molecules to keep the PL constant during photoirradiation in air. Our results show that adsorption of both H 2 O and O 2 is needed to keep the PL constant (Figure 6a,c) . The role of H 2 O is supported by the observation that adding H 2 O in the N 2 environment significantly slows the rate of decrease of the PL (Figure 4 ), which suggests that irradiation in H 2 O alone most likely would increase the PL due to p-doping. Because PL remains constant during photoirradiation on the interior, it is unlikely that the mild laser power used here introduces additional notable defects. If that was the case, these additional defects would introduce chemisorption of O 2 and H 2 O, which would, in turn, change the PL intensity, similar to what was observed on the edge region. The AFM images ( Figure S1 ) support the conclusion that there were no discernible structural changes in the irradiated area. Similarly, mild photoirradiations on ML WS 2 flakes in an ambient environment did not introduce significant change to the PL. 12 As for the PL at the edge region of MoS 2 , there is a drastic increase in PL upon irradiation in ambient conditions and a decrease of PL upon irradiation in N 2 . Because physisorbed O 2 and H 2 O would be present on both the edge and interior before photoirradiation and the PL of the interior remains unchanged in air, it is unlikely that the drastic increase in PL in the ambient environment is due to the readsorption of physisorbed O 2 and H 2 O on the edge region. Otherwise, the PL would remain the same at the edge. The PL intensity drastically increases when irradiation occurs in O 2 (Figure 5b ), which suggests that photoirradiation promotes the chemisorption of O 2 molecules at the edge. Nano-Auger microscopy studies reveal that the optically defective grain boundary and edge regions, not just the atomic edge, are S-deficient. 13,38 However, the barrier for chemisorption of O 2 on the S vacancy is ∼1 eV. 13 Our results suggest that photoirradiation could assist chemisorption of O 2 and H 2 O on the S-vacancy sites in the edge region. Charge transfer reduces the charge accumulated at the metallic edge region and therefore reduces charge screening, which destabilizes both the excitons and trions. This results in a dramatic increase in PL. The decrease of the relative intensity of the trion (Figure 1f ) at the edge under ambient conditions is consistent with the reduction of the charge density.
PL loss due to H 2 O intercalation has been reported on both MoS 2 and WS 2 flakes on Al 2 O 3 substrates. After WS 2 flakes are briefly exposed to relatively high laser irradiation, the height near the edges of the flakes increases because of H 2 O intercalation from the edges and defects. 12, 39 The process could also happen after prolonged storage in ambient conditions. AFM images in our study ( Figure S1 ) do not show raised edges, which excludes the contribution of H 2 O intercalation.
Upon irradiation in N 2 , N 2 could replace physisorbed O 2 and H 2 O and adsorb on the S-vacancy sites in the edge region. Different from the negligible charge transfer from ideal MoS 2 to N 2 , charge transfer from defective MoS 2 to N 2 is ∼0.2 e per molecule. 38 However, the interaction of N 2 with defective MoS 2 is weaker than that of O 2 at defect sites. N 2 drains less electrons (∼0.2 e) from the material than O 2 (∼0.6 e) via defect sites. Therefore, a decrease in the PL is also observed at the edge region.
2H-MoS 2 has two kinds of edges, namely, the Mo-and Sterminated edges. 34−36 The edges of the Mo-terminated 2H-MoS 2 flakes are metallic 40 and have full S coverage, where each Mo-terminated edge atom has an adsorbed S dimer. The Sterminated edge is bulk-truncated with Mo in its bulk configuration. These edges are the two most energetically stable edge orientations. For the CVD-grown ML MoS 2 , the Mo-terminated edges are sharper and straighter than the Sterminated edges. As shown in Figure 1a , our MoS 2 flakes have a rather sharp and straight edge along the side of the triangle, suggesting that the edge type is Mo-terminated on the side of the triangle. The corners of the triangle are not straight, suggesting S-terminated edges. Similar photoirradiation experiments were performed on both Mo-and S-terminated edges in ambient, O 2 , N 2 , and H 2 O + N 2 . The trends of the change of PL are the same. This is expected from what has been reported from high-resolution scanning transmission electron microscopy studies: that despite the sharp appearance of the edges in optical images, the edges of both the S-and Mo-terminated crystals are rough at the nanoscale.
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PL modulation by laser irradiation has been systematically studied and found to be associated with both O 2 and H 2 O adsorption as well as laser-induced structural damage. 6 Optical microscopic and AFM images and Raman and PL spectra in our experiments show no structural change on the ML under mild laser power. Therefore, photoinduced chemisorption of H 2 O and O 2 to nanoscale defects at the edge region plays a major role in modulation of the PL intensity. Our study shows that, even with mild laser power, the interaction of ambient molecules with defects will largely affect the optical performance of MoS 2 devices. A high-quality ML MoS 2 with few nanoscale defects is critical for MoS 2 optical applications.
■ CONCLUSIONS
The influence of photochemistry in normal ambient operation conditions on the optical properties of CVD-grown ML MoS 2 has been monitored using in situ Raman microspectroscopy. An environment-controllable reaction cell allows us to isolate the effects of various ambient gases by the comparison of photoirradiation in ambient conditions and controlled gaseous environments. The PL intensities of MoS 2 on the interior of ML flakes remain constant upon consecutive photoirradiations in ambient conditions using laser power insufficient to cause structural damage. The PL intensity at the edge region of the synthesized flakes is generally lower than that on the interior but has a dramatic increase upon consecutive photoirradiations in ambient conditions. However, the PL intensities on the interior decrease upon photoirradiations in pure O 2 
■ EXPERIMENTAL METHODS
ML 2H-MoS 2 flakes were synthesized using the CVD method reported in our previous work. 18 Briefly, an alumina boat containing MoO 3 powder as the growth precursor was placed in the center of the furnace heating zone. A clean SiO 2 /Si substrate was placed on top of the boat, with the SiO 2 side facing the precursor. S powder was placed in the upstream zone of the tube furnace. The tube was purged with argon for 15 min, and the growth was maintained at 750°C for 40 min under the protection of argon. The furnace was then cooled to room temperature naturally.
The CVD-grown MoS 2 sample was exposed to various gases inside an in situ reaction cell (Linkam Scientific THMS600) in which the gas flow rate could be finely controlled. Prior to placing the sample in the cell, the cell was baked overnight and then flushed for 5 min independently with targeted gases. Experiments containing water vapor were conducted using a saturator filled with deionized water. The input pure gas (O 2 or N 2 ) was bubbled through water at a flow rate of 20 mL/min. Prior to photoirradiation, the reaction cell containing the MoS 2 sample was filled with the target gases for several minutes. Air, pure gas, or gas−water mixtures were maintained at a flow rate of 20 mL/min during irradiation.
Photoirradiation was carried out while acquiring PL spectral maps using a Raman microscope. The Raman microscope consisted of a 532 nm laser and a Renishaw inVia Raman spectrometer coupled with a Leica confocal microscope. PL spectra were detected through a 1200 lines/mm grating using continuous rotation to acquire spectra in the 500−725 nm range. Raman spectra were acquired with a stationary grating. All presented MoS 2 PL and Raman spectra were acquired with a 20× oil-based objective with a laser spot size near 1.5 μm directed through a quartz view port on the reaction cell mounted to the Leica microscope. The duration of each laser irradiation at each pixel is 10 s. The applied laser power was kept at 40 μW for all of the presented PL data. The total laser radiant exposure is 4 mJ/μm −2 over 200 s. For comparison, PL maps were also collected with a 50× objective with a laser spot diameter near 0.6 μm. The laser power was kept at 180 μW. The total laser radiant exposure was 60 mJ/μm −2 over 200 s. AFM images were obtained using a Veeco Dimension 3100 atomic force microscope.
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